In this paper, a method for the tuning the membership functions of a Mamdani type Fuzzy Logic Controller (FLC) using the Clonal Selection Algorithm(CSA) a model of the Artificial Immune System(AIS) paradigm is examined. FLC's are designed for two problems, firstly the linear cart centering problem and secondly the highly nonlinear inverted pendulum problem. The FLC tuned by AIS is compared with FLC tuned by GA. In order to check the robustness of the designed FLC's white noise was added to the system, further, the masses of the cart and the length and mass of the pendulum are changed. The FLC's were also tested in the presence of faulty rules. Finally, Kruskal Wallis test was performed to compare the performance of the GA and AIS. An insight into the algorithms are also given by studying the effect of the important parameters of GA and AIS.
Introduction
Fuzzy Logic Controllers (FLC) have gained prominence in recent years because of its ability to control devices which tend to imitate human decision making. This allows for a control design which is simple and accurate. A FLC is also efficient as it captures the approximate and qualitative boundary conditions of a system's variables by fuzzy sets with a membership function. The FLC controls a system by a set of linguistic IF-THEN rules and has been shown to be robust and straightforward to implement [1, 2] . Due to these advantages FLC's have been successfully applied to various industrial applications [3] [4] [5] [6] .
However, the main challenge of designing the FLC lies in choosing optimal fuzzy parameters for its membership functions (MF). Previously, the task of generation of MF's were done by trial and error techniques, unfortunately this is a te-dious approach. Since this task is a natural candidate for stochastic approaches like Genetic Algorithms (GA). Various researchers have extensively used GA's for tuning the MF's of a FLC[7-9]. However , despite their advantages of evolving optimal solutions for wide variety of problems, as reported in [10] , GA has the disadvantage of getting stuck in the local minima and may take large time to obtain a near optimal solution. This has motivated researchers to study other evolutionary algorithms to overcome the disadvantages of GA.
In this paper a relatively new evolutionary computation paradigm-Artificial immune system (AIS) [11] is used to tune the Mamdani type fuzzy controller's anecedent and consequent parameters. In this work the fuzzy inference system(i.e Mamdani) tuned by AIS, is applied to a FLC to show the efficacy of the proposed method. In our study we use the Clonal selection algorithm (CSA) which is one of the most extensively used AIS model [12] . This method of CSA has been successfully used for solving various real world and optimization problems [13] .To show the efficacy of AIS in tuning of the FLC, two problems are considered. The first is the cart centering problem (CCP), in which the objective of the controller is to bring a cart with initial displacement and velocity to rest [14] . The second problem is the classic benchmark problem in control i.e the inverted pendulum (IP) problem [15] in which the objective is to bring a pendulum on a cart to rest from an initial angular displacement and angular velocity. On designing the FLC's using GA and AIS we compare the performance of the FLC tuned by the two algorithms based on statistical comparison, robustness, stability and the ability of the FLC to work in the presence of faulty fuzzy rules. Further, a performance comparison between the two algorithms is presented and an insight into determining the optimal parameters for each algorithm is analyzed.
Fuzzy Logic Controller
FLC is based on the concept of fuzziness in which, rather than allowing a system to have a value of 0 or 1, fuzzy allows the system to have degrees of membership functions over the range [0, 1] . The basis for design of a FLC is the linguistic IF-THEN rules for eg: IF I 1 is B i1 AND I 2 is B i2 THEN O is D i , where I 1 , I 2 are the inputs and O is the output of the FLC. B i1 ,B i2 and D i , i= {1,…,n} are linguistic values presented in the fuzzy subsets of the universe of discourse.
In this paper, for the CCP, the values of x(displacement)(m) and v(velocity)(m/s) are scaled to the interval of [-5,5] and F(Force)(N) from [-75,75] . For the IP, the values of θ(angular displacement)(rad) and (angular velocity)(rad/s)are scaled to the interval of [-0.5,0.5] and F from [-5,5] . The inputs and outputs of the FLC are composed of seven linguistic terms NB(Negative Big), NM(Negative Medium), NS(Negative Small), Z(Zero), PS(Positive Small), PM(Positive Medium) and PB(Positive Big). This set of linguistic terms forms a fuzzy partition of input and output spaces. In our study we use the Gaussian symmetrical membership functions(GMF).The fuzzy IF-THEN rules for the two
